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Abstract
Objectives Although dual-energy (DE) acquisition with
conventional 201Tl myocardial perfusion SPECT has sev-
eral advantages such as improved attenuation of the infe-
rior wall and increased acquisition counts, the
characteristics of IQ-SPECT have not been fully evaluated.
We evaluate the difference of characteristics between sin-
gle-energy (SE) and dual-energy (DE) imaging using 201Tl
myocardial IQ-SPECT.
Methods Two myocardial phantoms were created simu-
lating normal myocardium and infarction of the inferior
wall. Energy windows were set at 70 keV ± 10% for SE,
and an additional 167 keV ± 7.5% for DE. SPECT images
were reconstructed using the ordered subset conjugates
gradient minimizer (OSCGM) method. We visually and
quantitatively compared short-axis images of correction for
no (NC), for attenuation (AC) or for both AC and scatter
(ACSC) images.
Results The average counts of SE and DE projection data
were 17.5 and 20.3 counts/pixel, respectively. The DE data
increased acquisition counts by approximately 16% com-
pared with the SE data. The average visual score of normal
myocardium did not differ significantly between the SE
and DE images. However, the DE image of defective
myocardium showed a significantly lower score in AC than
SE images. The % uptake values of DE image with both
NC and AC were significantly higher than those of SE
images. The DE images of the inferior defective areas
(segments 4 and 10) showed approximately 5–10% higher
uptake compared with the SE images.
Conclusion The DE image with NC improved attenuation
of the inferior wall. However, DE image with AC showed
low defect detectability. Thus, AC should be used with SE
rather than DE. Furthermore, while the SE image with
ACSC can be used to detect perfusion defects, it must be
interpreted carefully including the possibility of artificial
inhomogeneity even in the normal myocardium.
Keywords IQ-SPECT  201Tl myocardial perfusion
SPECT  Energy window  Computed tomography-based
attenuation correction  Phantom study
Introduction
Myocardial perfusion single-photon emission computed
tomography (SPECT) with 201Tl is widely used for diag-
nosis of myocardial ischemia, indication of revasculariza-
tion, and therapeutic evaluation [1–5]. The 201Tl emits two
c-rays of 135 (2.6%) and 167 (10.0%) keV, and a char-
acteristic X-ray of 69–83 (94.1%) keV with Hg-201 by
electron capture disintegration. The 201Tl myocardial
imaging is acquired using either a single-energy (SE)
window setting with a characteristic X-ray peak of
69–83 keV or a dual-energy (DE) window setting with
additional c-rays of 167 keV. Myocardial images of DE
window using a low-energy high-resolution (LEHR)
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collimator have reported the utility for adding myocardial
counts and improving inferior attenuation artifact [6, 7].
Furthermore, Seo et al. reported that l values to perform
attenuation correction (AC) for DE can be calculated from
the percentage of two emitted different energies [8]. Thus,
the DE images for 201Tl myocardial SPECT have several
advantages.
IQ-SPECT is a highly sensitive myocardial perfusion
SPECT using multifocal collimators that can reduce scan
time compared with conventional SPECT with a parallel-
hole collimator [9]. The multifocal collimator to magnify
the heart with a cardio-centric acquisition method, along
with a reconstruction technique based on the conjugate
gradient method, enhanced the clinical use of this device
[9–11]. While 201Tl myocardial perfusion imaging has been
reported to be clinically feasible using the IQ-SPECT
system [12–15], the studies used only SE images, and
characteristics of DE images for IQ-SPECT have not yet
been evaluated. The aim of this study was to evaluate the
difference of characteristics between SE and DE imaging
using 201Tl myocardial IQ-SPECT.
Materials and methods
Phantom designs
An anthropomorphic phantom featuring inserts to simulate
lungs, liver, left ventricular (LV) wall, and LV chamber
(Data spectrum Corp., Durhan, NC, USA) was used in this
study. Two myocardial phantoms were created simulating
normal myocardium and myocardial infarction. The
myocardial defect was filled with nonradioactive water to
simulate a transmural defect with rectangular shapes (ma-
jor axis, 30 mm; minor axis, 20 mm) and located in the
mid to basal inferior position in the LV wall (Fig. 1). The
lung inserts were filled with Styrofoam beads. Myocardium
and liver were filled with variable concentrations of 201Tl,
and the radioactive concentration was 61.8 kBq/mL for
myocardium, 37.1 kBq/mL for the liver and 4.9 kBq/mL
for the chest. The LV chamber was filled with nonra-
dioactive water.
Acquisition protocols and image reconstruction
parameters
IQ-SPECT was acquired on a hybrid dual-head SPECT/CT
system (Symbia T6, Siemens, Tokyo, Japan) equipped with
multifocal collimators (SMARTZOOM) of 128 9 128
matrix size, pixel size of 4.8 mm and a zoom factor of one.
Spatial resolution is progressively increased from the
camera surface to the cardiac sweet-spot at 28 cm, which
was set as the center of rotation for this study, thereby
keeping the LV phantom at the highest magnification
throughout the acquisition. The two detectors were in a 76
configuration, with a scan arc of 104 acquired from the
right anterior oblique (RAO) 59 to left posterior oblique
(LPO) 59 with 6 angular steps. For each detector, 17
views were acquired, and acquisition time was 14 s/view.
Energy windows were set at 70 keV ± 10% for SE, and an
additional 167 keV ± 7.5% for DE. Scatter energy win-
dows were set at 20% lower and upper for 70 keV. The
computed tomography (CT) scanning parameters were
slice thickness of 5 mm, tube voltage of 130 kVp, tube
current–time of 20 mAs, rotation speed of 0.6 s per rota-
tion, and scan pitch of 1.0 mm.
Acquired data were reconstructed using the ordered
subset conjugates gradient minimizer (OSCGM) method.
Subsets and iterations were 3 and 13, respectively. A
Gaussian filter (full width at half maximum: FWHM
9.6 mm) was used as a post filter. The triple energy win-
dow method was used for SC. AC was applied using a
patient-dedicated low-dose CT-derived l map for SE and
DE. However, this method must be modified to calculate an
attenuation map for DE. Therefore, we calculated from a
technique used by Seo et al. [8], in which the effective
attenuation coefficient for photons of 2 different energies
from a single radionuclide is expressed by:
leff ¼
In½expðl1xÞ þ a expðl2xÞ  Inð1þ aÞ
x :
where l1 and l2 are attenuation coefficients for 70 and
167 keV, a is the ratio of the branching ratios, and x is the
thickness of the medium through which the x- and c-rays
pass. The linear attenuation coefficients l1 and l2 also are
obtained from tabulated values, with a calculated from the
branching ratios (i.e., 90.22%, 9.78%) of the 70 keV X-ray
and 167 keV c-ray (i.e., a = 90.22%/9.78% = 9.22)
[8, 16]. The effective linear attenuation coefficient of
effective energy is relatively constant as a function of
object thickness x, thereby producing an attenuation map at
a single effective energy at Eeff = 79 keV that can be
applied to pooled data acquired from 201Tl [16].
Three kinds of myocardial images were created, namely
(1) no correction (NC) without scatter correction (SC) and
AC, (2) with AC, and (3) with both AC and SC (ACSC),
while DE image with ACSC could not be created due to the
system limitation.
Image assessment
We manually drew regions of interest (ROI) on the lateral
myocardium for the left anterior oblique (LAO) 45 of both
SE and DE projection data, and the average counts in ROI
were calculated. Reconstructed SE and DE short-axis
images for the normal and inferior defective myocardium
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were assessed visually for image quality using a five-point
(5, excellent; 4, good; 3, even; 2, bad; 1, poor) scale by four
observers. Furthermore, we created a 17-segment polar
map [17] and quantitatively assessed using percent uptake
(% uptake) of each segment with the normal myocardium.
We also calculated the coefficient of variation (CV) using
% uptake on a 17-segment polar map. In the defective
myocardium, average % uptake values of mid and basal
inferior walls (segments 4 and 10) were calculated.
Statistical analysis was performed using statistical
package for social science (SPSS) software (version 21 for
Windows, SPSS Inc., Chicago, IL, USA). Visual score of
the normal and defective myocardium was evaluated by the
Mann–Whitney U test. The % uptake of each segment with
normal myocardium was examined by paired t and Bon-
ferroni after Friedman tests. p value\0.05 was considered
to be statistically significant.
Results
The average counts/pixel for SE and DE projection data
were 17.5 and 20.3, respectively. The acquisition counts
were increased in DE data by approximately 16% compared
with the SE data. Figure 2 shows SE and DE images of the
normal and the inferior defective myocardium using NC,
AC, and ACSC. The DE image with NC improved % uptake
of the inferolateral area compared with the SE image in
normal myocardium, resulting in more homogeneous
uptake in the DE image. In the DE image with AC, the
inferior defect was not so obvious compared with the SE
image. The average visual scores of normal myocardium for
both SE and DE images were 3.9 ± 0.2 and 4.4 ± 0.3 with
NC, 4.5 ± 0.3 and 4.7 ± 0.3 with AC, and 3.8 ± 0.3 with
SE of ACSC, respectively (Fig. 3). However, myocardial
images of both NC and AC did not differ significantly
between the SE and DE images. In addition, the SE images
with ACSC showed lower score than that with AC, whereas
the visual homogeneity score of the SE image showed no
significant difference between AC and ACSC (p = 0.20).
The average visual score of inferior defective myocardium
for both SE and DE images were 4.8 ± 0.3 and 4.5 ± 0.3
with NC, 5.0 ± 0 and 2.0 ± 0.4 with AC, and 4.8 ± 0.3
with SE of ACSC, respectively (Fig. 4). The DE image
showed significantly lower score in AC than SE image
(p = 0.029), whereas the visual defect score of the SE
image showed no significant difference between AC and
ACSC (p = 0.69). Figure 5 shows % uptake of each seg-
ment for the normal myocardium. The median % uptake
values (minimum–maximum values) of SE and DE image
Fig. 1 The structure of
myocardial phantom with an
inferior defect. The myocardial
defect was filled with
nonradioactive water to
simulate a transmural defect of
rectangular shape (major axis,
30 mm; minor axis, 20 mm) and
located in the mid to basal
inferior position in the left
ventricular wall. The upper and
lower images were phantom
picture and design of transmural
defect location
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for all segments were 72.4% (58.5–90.1%) and 76.0%
(62.8–94.0%) with NC, 81.0% (70.6–89.9%) and 89.2%
(73.1–96.1%) with AC, and 80.4% (67.3–89.8%) with SE of
ACSC, respectively. The % uptake of DE images for all
segments was significantly higher than that of SE images
with both NC and AC (p = 0.002 with NC and p\ 0.001
with AC). Furthermore, the % uptake of SE images with AC
has significantly higher than that with NC for all segments.
However, the % uptake of AC and ACSC did not differ
significantly (p = 0.03, NC versus AC and p = 0.12, AC
versus ACSC). The CVs of both SE and DE images were
0.14 and 0.12 for NC, 0.08 and 0.07 for AC, and 0.09 with
SE of ACSC, respectively. The DE images showed higher
uniformity than that of SE images with both NC and AC.
The median % uptake of the inferior defective areas (seg-
ments 4 and 10) for both SE and DE images were 50.4 and
54.9 with NC, 68.5 and 76.7 with AC, and 65.3 with SE of
ACSC, respectively (Fig. 6). The DE images showed
approximately 5–10% higher % uptake compared with the
SE images.
Discussion
Conventional myocardial perfusion SPECT for 201Tl
requires acquisition time of 20–25 min. Since patients are
asked to remain in supine position with both arms raised
above the head, many patients may suffer pain and cause
Fig. 2 The single-energy (SE) and dual-energy (DE) images of both
normal and the inferior defective myocardium among no correction
(NC), attenuation correction (AC) and both attenuation and scatter
corrections (ACSC). The left image shows the CT image of the
normal and defective myocardium as a reference. The upper and
lower row images show inferior defective and normal myocardium,
respectively. The DE image with NC improved % uptake of
inferolateral area compared with the SE image in normal myocar-
dium, resulting in more homogeneous uptake in the DE image (yellow
arrow). In the DE image with AC, the inferior defect was not so
obvious, rather than in the SE image, due to over-correction of
attenuation (red arrow)
Fig. 3 Visual homogeneity score of both single-energy (SE) and
dual-energy (DE) images for the normal myocardium. NC no
correction, AC attenuation correction, ACSC both attenuation and
scatter corrections
Fig. 4 Visual defect score of both single-energy (SE) and dual-
energy (DE) images for the inferior defective myocardium. NC no
correction, AC attenuation correction, ACSC both attenuation and
scatter corrections
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the motion artifact [18, 19]. Therefore, shorter acquisition
time is beneficial to improve pain palliation in patients
and reducing patient motion. Recently, to shorten acqui-
sition time, researchers have reported acquisition proto-
cols and image processing technology [9, 20–22]. IQ-
SPECT for 201Tl can acquire images with shorter time in
comparison with conventional SPECT, which have been
used successfully for diagnosis [12–14]. However, pre-
ceding studies have evaluated only SE image, and char-
acteristics of DE images for IQ-SPECT have not been
evaluated. The DE image for 201Tl myocardial perfusion
SPECT has increased myocardial counts and improved
inferior attenuation artifact compared with conventional
SPECT using LEHR collimator [6, 7]. Therefore, we
Fig. 5 The % uptake values of
single-energy (SE) and dual-
energy (DE) images for normal
myocardium with a 17-segment
polar map by NC (a) and both





Fig. 6 The polar map of single-energy (SE) and dual-energy (DE) images for the inferior defective myocardium. NC no correction, AC
attenuation correction, ACSC both attenuation and scatter corrections
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aimed to reveal characteristics of DE images for IQ-
SPECT.
The DE data increased acquisition counts by approxi-
mately 16% in comparison with SE data, thereby higher
myocardial counts can be obtained, which is the similar
tendency to the previous study [6, 7]. The OSCGM algo-
rithm is increased approximately 1000-fold counts in the
pixel using scaling factor. In this study, the acquisition
counts of DE data increased a few counts comparing with
SE data. However, the difference of few counts after the
decimal number have an influence on image quality by the
effect of scaling factor, and increased acquisition counts
can improve the image quality by decreasing statistical
noise. Furthermore, the counts level of nuclear medicine
imaging has an important role in diagnosis accuracy, which
potentially leads to accurate diagnosis [23]. In this regards,
the DE acquisition is convenient for increasing myocardial
counts.
In 201Tl myocardial perfusion SPECT, artifacts may
occur in the anterior or inferior walls due to breast in
women or diaphragmatic attenuations in men, which may
decrease diagnosis accuracy [24]. However, diagnostic
accuracy could enhance by changing radiopharmaceutical
agent from 201Tl to 99mTc and additional acquisition of
prone-position imaging [15, 25]. These improvements are
important but have some limitations such as modification
of acquisition protocol or extension of examination time.
When comparing SE and DE images, the DE image of
normal myocardium has slightly higher % uptake and
lower CV than the SE image. In particular, the % uptake of
the inferoseptal (segments 3 and 9) and inferior (segments
4 and 10) walls of DE images was increased by 2–10%
both NC and AC. Therefore, the DE image for IQ-SPECT
can improve artifact of inferoseptal and inferior walls
without changing radiopharmaceutical agent or additional
acquiring prone-position, as previously reported [6, 7]. The
SE images for IQ-SPECT showed lower % uptake of
approximately 10–12% for the inferolateral walls (segment
11) than the DE image with both NC and AC, and this is
characteristic of IQ-SPECT system as reported [26]. On the
other hand, the DE image could improve artificial low
counts of the inferolateral wall. In particular, DE image
with NC will be useful for improving the artifact such as
attenuation of inferoseptal and inferior walls. However, the
DE image with AC significantly decreased defect
detectability in this study. The scattered activity from the
liver with DE image is higher than that with SE image, and
the inferior wall is liable to be affected by the scatter from
the liver. In the DE image, therefore, the inferior wall
activity is overcorrected due to scattered activity from the
liver in the AC image without SC, which resulted in lower
detectability of the defect. Furthermore, we visually and
quantitatively evaluated inferior defect detectability using
the myocardial phantom. Since the effect of scatter and
attenuation is the highest in the inferior wall, we focused
our study on the phantom with the inferior defect with AC
and SC. Therefore, we considered that the inferior defect
was appropriate for evaluating the effect of AC and SC.
The defect parts (segments 4 and 10) of SE images with
ACSC showed 0.2–6.3% lower uptake than that with AC,
which is close to the theoretical value (% uptake = 0) of
the transmural defect. In principle, the SPECT image
should incorporate both attenuation and scatter correction.
Since the SE image with ACSC showed nearly equivalent
image quality compared with the SE images with AC, we
would like to recommend the SE image with ACSC.
In summary, we recommend either DE with NC for IQ-
SPECT system unequipped CT or SE with ACSC for IQ-
SPECT/CT system in 201Tl myocardial IQ-SPECT. If IQ-
SPECT unequipped with CT device is used, since the
patient attenuation cannot be corrected by CT, DE image
with NC will be useful to improve the inferior wall
attenuation.
Finally, appropriate normal databases should be pro-
vided for quantitative analysis of myocardial perfusion
imaging, although Japanese Society of Nuclear Medicine
working group has created normal databases for 201Tl IQ-
SPECT imaging [27]. In this database, CT-based attenua-
tion correction was performed with an SE method. The
influence of SE and DE acquisition on the diagnostic
accuracy in clinical settings should be further investigated.
We could not create the DE images with ACSC due to
the limitation of energy window setting, and could not
compare the SE and DE images with ACSC. If the limi-
tation is improved, the potential usefulness of DE images
with ACSC should be further investigated. However, the
SE image with ACSC showed nearly equivalent image
quality compared with the SE images with AC and the DE
image with NC. Therefore, the SE image with ACSC will
be useful in diagnosis as previously described [12–15].
Conclusion
We evaluated the difference of characteristics between SE
and DE imaging using 201Tl myocardial IQ-SPECT. The
DE image with NC was useful for improving the artifact
such as attenuation of the inferoseptal and inferior walls,
which is sometimes difficult to differentiate from true
defect in the inferolateral wall. Since the defect
detectability of DE image with AC significantly decreased,
the SE image of ACSC is recommended for excellent
image quality.
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